Background/Aims: Glucose plays an important role in stem cell fate determination and behaviors. However, it is still not known how glucose contributes to the precise molecular mechanisms responsible for stem cell migration. Thus, we investigate the effect of glucose on the regulation of the human umbilical cord blood-derived mesenchymal stem cell (hUCB-MSC) migration, and analyze the mechanism accompanied by this effect. Methods: Western blot analysis, wound healing migration assays, immunoprecipitation, and chromatin immunoprecipitation assay were performed to investigate the effect of high glucose on hUCB-MSC migration. Additionally, hUCB-MSC transplantation was performed in the mouse excisional wound splinting model. Results: High concentration glucose (25 mM) elicits hUCB-MSC migration compared to normal glucose and high glucose-pretreated hUCB-MSC transplantation into the wound sites in mice also accelerates skin wound repair. We therefore elucidated the detailed mechanisms how high glucose induces hUCB-MSC migration. We showed that high glucose regulates E-cadherin repression through increased Snail and EZH2 expressions. And, we found high glucose-induced reactive oxygen species (ROS) promotes two signaling; JNK which regulates γ-secretase leading to the cleavage of Notch proteins and PI3K/Akt signaling which enhances GSK-3β phosphorylation. High glucose-mediated JNK/ Notch pathway regulates the expression of EZH2, and PI3K/Akt/GSK-3β pathway stimulates Snail stabilization, respectively. High glucose enhances the formation of EZH2/Snail/HDAC1
Introduction
Glucose is an essential nutrient resource for cellular bio-energetics and components synthesis, such as protein and lipid [1] . Furthermore, glucose is an important regulatory element that controls cell fate determination in both physiological and pathological conditions [2] . Glucose metabolism plays a key role in proliferation, self-renewal ability, and senescence of stem cells [3] . Previous reports investigating the effects of high glucose on stem cell functions are controversial as there are differing perspectives. For example, some studies have shown that high glucose induces senescence and apoptosis in stem cells [1, 4, 5] . Conversely, other studies have shown that high glucose stimulates proliferation and enhances osteogenic differentiation potential in mesenchymal stem cells (MSCs) [6] . These diverse responses to the high glucose condition may be relevant for the different glucose tolerance of stem cells [7, 8] . Therefore, further investigation into the underlying mechanism of high glucose on stem cell functions is needed to develop a therapeutic strategy for stem cell therapy.
The migratory ability of stem cell to injury site is a critical factor in determining the therapeutic effect of stem-based therapy. Previous reports suggested that enhancing stem cell migration is a potential strategy for improving the efficacy of tissue regeneration [9] [10] [11] [12] [13] . Moreover, there have been previous studies showing the stimulatory effect of glucose on migration in the various types of cells [14] [15] [16] . However, the effect of glucose on stem cell migration is not fully determined. Therefore, identification of a key factor regulating migratory mechanism of stem cells under high glucose conditions is required to improve therapeutic efficacy of stem cell transplantation. Disrupting the cell-cell interaction has been considered an essential step for cell migration. Additionally, cell detachment is regulated by reducing cell adhesion molecules [17, 18] . Many studies have highlighted that detachment is significant during cell migration by which adhesions disassemble [19] [20] [21] . Epithelial cadherin (E-cadherin) is a major component of the cell adhesion molecules that are formed at cell-cell adherens junctions to bind cells via a homophilic mechanism [22] . During dissolution of adherens junctions by the reduced E-cadherin expression level, E-cadherin can no longer interact with β-catenin, which results in increased cell motility [23] . E-cadherin expression can influence various processes that occur during development, organogenesis, tissue formation, and tumor progression [24] [25] [26] . In particular, E-cadherin expression has emerged as an important regulator in cellular movement and invasion [27] [28] [29] . Furthermore, E-cadherin reduction and delocalization accelerated cell migration through the Notch signaling which controls the disassembly of cell-cell adherens junction [30] . However, the effect of high glucose on the disruption of E-cadherin-dependent cell-cell adherens junction in enhancing cell migration is still unknown.
MSCs are multipotent stem cells, which have differentiation potentials for various kinds of somatic cells, such as osteoblasts, adipocytes, chondrocytes, myoblasts, and neural cells [31, 32] . Due to various limitations in embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) research in teratoma formation as well as political and ethical restrictions, human umbilical cord blood-derived mesenchymal stem cells (hUCB-MSCs) are considered promising stem cell resources for stem cell-based therapies. In addition, our previous studies demonstrated that the transplantation of hUCB-MSCs accelerates the wound healing process by promoting their migratory activity [33, 34] . Thus, we investigated the molecular mechanisms underlying the effect of high glucose on hUCB-MSC migration and the wound healing effect of high glucose-pretreated hUCB-MSC transplantation in the mouse skin wound model.
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Materials and Methods
Materials
Human UCB-MSCs were kindly provided from the MEDIPOST Co., Ltd. (Seoul, Korea) which were isolated and expanded according to previous report [35] . Fetal bovine serum (FBS) was purchased from BioWhittaker Inc. (Walkersville, MO, USA). Antibodies specific for phospho (p)-JNK (cat# sc-6254), JNK (cat# sc-7345), p-Erk (cat# sc-7383), Erk (cat# sc-94), p38 (cat# sc-7149), p-GSK-3β (cat# sc-11757), GSK-3β (cat# sc-9168), Snail (cat# sc-28199), EZH2 (cat# sc-25383), E-Cadherin (cat# sc-7870), β-actin (cat# sc-47778), and Lamin A/C (cat# sc-20681) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA 
, L-685, 458, LY294002, and lithium chloride (LiCl) were obtained from Sigma Chemical Company (St. Louis, MO, USA). Human Nuclear Antigen (HNA; Alexa Fluor 488 antibody) was purchased from Novus Biologicals (Littleton, CO, USA). 5-(and-6)-carboxy-2', 7'-dichlorofluorescein diacetate (DCF-DA) was purchased from Molecular Probes (Eugene, OR, USA). Akt specific inhibitor was purchased from CalBiochem (La Jolla, CA, USA).
hUCB-MSC culture hUCB-MSCs were cultured according to previous report [36] . In this study, passage of hUCB-MSCs from five to eight was used and there is no discernible difference between passages [37] . hUCB-MSCs without feeder layer were cultured in the alpha-modified minimum essential medium (α-MEM; Thermo, MA, USA) supplemented with 0.1 mM β-mercaptoethanol, 1% penicillin and streptomycin, and 10% FBS. Cells were grown on gelatinized 100-mm diameter culture dishes at 37°C with 5% CO 2 in the incubator. Cells were transferred to fresh serum-containing α-MEM at least once every two days. Cells, cultured at 70 -80% confluence, were washed twice with phosphate-buffered saline (PBS), and were transferred to serum-free α-MEM prior to experiments.
AD-MSC culture
AD-MSCs without feeder layer were cultured in the α-MEM (Thermo, MA, USA) supplemented with 0.1 mM β-mercaptoethanol, 1% penicillin and streptomycin, and 10% FBS. Cells were grown on gelatinized 100-mm diameter culture dishes at 37°C with 5 % CO 2 in the incubator. Cells were transferred to fresh serumcontaining α-MEM at least once every two days. Cells were washed twice with PBS, and were transferred to serum-free α-MEM prior to experiments.
Mouse excisional wound splinting model
Mouse excisional wound splinting model and hUCB-MSC transplantation were performed, as described in the previous reports [38] . Male ICR mice aged 8 weeks were purchased from Han Lim Experimental Animal (Suwon, Korea). Mice were acclimated and stabilized in new surroundings for 4 days prior to the start of research and collecting data. To investigate the functional effects of high glucose-pretreated hUCB-MSC, mice were randomly divided into four groups (n = 6 each group): Vehicle, high glucose, hUCB-MSCs, and high glucose-pretreated hUCB-MSCs. To investigate the role of Snail and EZH2 in the migration of hUCB-MSC toward wound site, mice were randomly divided into six groups (n = 6 each group): non-targeting (NT) siRNA + hUCB-MSC, NT siRNA + high glucose-pretreated hUCB-MSC, Snail siRNA + hUCB-MSC, Snail siRNA + high glucose-pretreated hUCB-MSC, EZH2 siRNA + hUCB-MSC, and EZH2 siRNA + high glucosepretreated hUCB-MSC. Cells were transfected with either Snail or EZH2 siRNA for 24 h prior to the high glucose treatment for 24 h. Mice were anesthetized with 3% isoflurane in a mixture of N 2 O/O 2 gas. Wounds were created by a 6 mm diameter biopsy punch (Kai Medical, Seki, Japan) on the back of a mouse, and a silicone splinting ring was attached around the wound using medical adhesive with several stitches. 1 × 10 AM). All wounds were monitored and photographed at different times (days 0, 3, 6, 9, and 11) by using a digital camera system (Canon, Tokyo, Japan). Percentages of wound size were calculated and analyzed by using Image J program. Mice were euthanized for the collection of wound tissue samples at day 11. The samples were fixed with 4% paraformaldehyde (PFA) in PBS for 4 h. Subsequently, for dehydration, the samples were incubated in 20% sucrose in PBS at room temperature for 2 h, and then were incubated in 30% sucrose at 4°C overnight. The next day, the tissues were embedded in O.C.T. compound (Sakura Finetek, Torrance, CA, USA) and were frozen immediately at -70°C.
Haematoxylin and Eosin (H&E) staining
Wound tissues were cut at thickness of 6 μm using a cryostat (Leica Biosystems, Nussloch, Germany) and mounted on SuperFrost Plus slides (Thermo Fisher Scientific, Waltham, MA, USA). The frozen tissue sections were fixed with 4% PFA for 5 min and were washed with running tap water for 5 min. Next, the tissues were stained with haematoxylin for 3 min and washed with running tap water for 5 min. The slides were placed in acid alcohol solution (1% HCl in 70% alcohol) and were stained with eosin solution for 30 sec. The slides were repeatedly dehydrated with 95% and 100% alcohol 3 times, each for 3 sec. Next, the slides were placed in xylene for 3 sec, and then were mounted on clear glass slides. The slides were photographed using Eclipse Ts2-FL microscope (Nikon Corporation, Tokyo, Japan).
Intracellular ROS detection
Intracellular ROS detection was described in previous reports [39] . ROS was detected by using DCF-DA, which is a fluorescence-based probe for ROS detection. Cells were treated with 10 μM DCF-DA and were wrapped it in foil, due to light sensitivity, then placed on shaking incubator for 30 min at room temperature. Cells were observed using FluoView TM 300 confocal microscope (Olympus, Tokyo, Japan). To measure the intracellular hydrogen peroxide (H 2 O 2 ) levels, the cells were treated with DCF-DA and were washed using ice-cold PBS twice. The cells were measured by using a luminometer (Victor3; PERKin-Elmer, Waltham, MA).
Oris™ cell migration assay hUCB-MSCs were placed at a density of 10 4 cells/0.1 mL into a α-MEM containing serum in Oris™ cell seeding stoppers (Platypus Technologies, WI, USA), and were incubated until the cells had achieved 90% confluence of monolayers around the cell exclusion zone [36] . The cells were transferred to serumfree α-MEM prior to experiments, and then silicone stoppers were carefully removed after 24 h. The cells were incubated in both with and without high glucose and each signal pathway-related molecule inhibitors/ siRNAs, followed by fixation and staining with 5 μM calcein AM (Wako, Osaka, Japan) in dark for 30 min. Fluorescence was measured using a luminometer (Victor3; PERKinElmer Inc., Waltham, MA, USA) and a fluorescent plate reader with excitation and emission wavelengths at 485 nm and 535 nm, respectively. The measurements were shown as Relative Fluorescence Units (RFU).
Wound-healing migration assay hUCB-MSCs were seeded at density of 10 4 cells/0.1 mL in 35 mm diameter plates (IBIDI™, Martinsried, Germany) in a medium containing serum, and were incubated until the cells had achieved 90% confluence of monolayers into the inner well of the μ-Dish at 37°C and 5% CO 2 as usual [36] . The old medium was aspirated carefully and fresh media was replaced every 2 days. The silicone inserts were carefully removed with sterilized forceps after serum-free treatment for 24 h. The cells were incubated with and without high glucose and indicated agents. Cells were pictured by either an Olympus FluoView TM 300 confocal microscope (Olympus, Tokyo, Japan) or Eclipse Ts2-FL microscope (Nikon Corporation, Tokyo, Japan).
Transfection of small interfering RNA (siRNA) hUCB-MSCs that reached 80% confluence were transfected for 24 h with either a siRNA specific for Snail1, EZH2 or a NT siRNA as a negative control (25 nM; Dharmacon, Lafayette, CO, USA) using DharmaFECT transfection reagent according to the manufacturer's instructions. The sequences of the siRNAs used in this experiment were as follows: Snail1 5'-GCGAGCUGCAGGACUCUAA-3'. 
Co-Immunoprecipitation (Co-IP)
hUCB-MSCs were lysed with the co-IP buffer (50 mM Tris-HCl [pH 7.4] containing 150 mM NaCl, 5 mM EDTA, 2 mM Na3VO 4 , 2.5 mM Na 4 PO 7 , 100 mM NaF, 200 nM microcystin lysine-arginine and protease inhibitors) according to the previous report [34] . Cell lysates were added with anti-Snail or EZH2 antibodies and Protein A/G PLUS-agarose IP reagent (Pierce; Rockford, IL, USA), and then the cell lysates were incubated for 4 h in a shaking incubator maintained at 4°C. The beads were washed more than three times with the co-IP buffer, and then the bound proteins with beads were eluted by boiling for 5 min. Samples were analyzed by western blotting with anti-EZH2, EED, Suz12, Snail and histone deacetylase 1 (HDAC1) antibodies.
Cytosol and nuclear fractionation hUCB-MSCs were lysed in lysis buffer (20 mM Tris-HCl, 10 mM EGTA, 2 mM EDTA, 2 mM Dithiothreitol, 1% Triton X-100, 1 mM phenylmethylsulfonylfluoride [PMSF], 25 mg/mL aprotinin and 10 mg/mL leupeptin) [34] . Lysates were homogenized with lysis buffer and sonicated using a Branson Sonifier 250 (All-spec, Wilmington, NC, USA) with set to 4 of output power for 10 sec. The lysates were then centrifuged at 8, 000 rpm for 5 min at 4°C. The supernatant, containing cytosol and membrane, was centrifuged at 15,000 rpm for 60 min at 4°C, and were divided into cytosol and membrane. The pellet, containing the nucleus, was homogenized with lysis buffer and sonicated for 10 sec. It was centrifuged at 15, 000 rpm for 15 min at 4°C and the supernatant was collected as a nuclear lysate fraction.
SDS-PAGE and Western blot analysis
hUCB-MSCs were washed twice with cold-PBS followed by incubation on ice. Cells were lysed with lysis buffer (20 mM Tris [pH 7.5], 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 1 mg/mL aprotinin, 1 mM PMSF, and 0.5 mM sodium orthovanadate) [34] and shared with 1 set of 3-second pulses on ice using a Branson Sonifier 250 with set to 3 of output power. Sample protein separations were resolved by SDSpolyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were incubated with primary antibody (1:800 or 1:1,000 dilutions) at 4°C incubator for overnight after blocked with TBST (10 mM Tris-HCl [pH 7.6], 150 mM NaCl, and 0.01% Tween-20) containing 5% skim milk for 1 h. Next day, the membranes were washed with TBST and then incubated with a HRP secondary antibody. The specific bands were detected by ChemiDoc™ XRS+ System (Bio-Rad, Richmond, CA).
Chromatin Immunoprecipitation assay EZ-ChIP-Chromatin Immunoprecipitation Kit (EMD Millipore) was used for Chromatin Immunoprecipitation (CHIP) assay. Cells were cross-linked by incubation at room temperature with 37% formaldehyde for 10 min and added 1 M glycine to quench the unreacted formaldehyde according to the manufacturer's instructions. Fixed cells were harvested in SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris [pH 8.1] and protease inhibitors). Cell lysates were sonicated, and then were incubated with protein G beads (50% protein G agarose slurry) for IP. IP included positive control (Anti-RNA polymerase II), negative control (IgG), and antibody of interest. The negative control IgG of the same species as the antibody of interest was used. Protein/DNA complexes were eluted by incubation at room temperature with elution buffer (20% SDS, 1 M NaHCO 3 and distilled water) for 15 min. After centrifugation, supernatant was collected into new microfuge tubes. All IPs and inputs with 5 M NaCl were incubated at 65°C for overnight to reverse the protein/DNA cross-links. The purified DNA was subjected to PCR and DNA fragments were run on agarose gel (2.5%) to facilitate quantitation of the PCR products. The sequences of the primers used in the PCR reactions were as follows: E-box human promoter (forward primer) 5' CTC CAG CTT GGG TGA AAG AG 3', E-box human promoter (reverse primer) 5' GGG CTT TTA CAC TTG GCT GA 3'.
Immunofluorescence staining hUCB-MSCs were cultured in confocal dish. Cells were washed twice with cold-PBS, and then were fixed with 4% PFA for 10 min according to previous report [36] . 0.1% Triton X-100 diluted in PBS was used 
Real-time reverse transcriptase-polymerase chain reaction (RT-PCR)
Total RNA was extracted with an RNeasy Extraction Kit (Takara Bio, Shiga, Japan). RNA was quantified and a reverse transcription was performed with 1 μg of RNA using a Maxime RT premix kit (iNtRON Biotechnology, Sungnam, Korea). Next, cDNA was amplified by specific primers using a PCR kit (iNtRON Biotechnology, Sungnam, Korea). mRNA was then performed in a Rotor-Gene 6500 real-time thermal cycling system (Corbett Research, Sydney, Australia) using the SYBR Green (Takara Bio, Shiga, Japan). 
Phalloidin staining
Human UCB-MSCs were cultured in confocal dish. Cells were washed twice with cold-PBS, and then were fixed with 4 % PFA for 10 min. Subsequently, cells were permeabilized with 0.1 % Triton X-100 in PBS for 5 min. After blocking with 1 % FBS or 5 % normal goat serum for 30 min, cells were incubated with Alexa Fluor 488-conjugated to phalloidin (Invitrogen Co., Carlsbad, CA) in dark for 1 h. Cells were washed twice with PBS. Next, cells were observed using Eclipse Ts2-FL microscope (Nikon Corporation, Tokyo, Japan).
Trichloroacetic Acid (TCA) precipitation
The 10% TCA was added to 1 mL of hUCB-MSC culture media. The mixture was centrifuged at 14, 000 rpm for 5 min and the supernatant removed. The pellet was washed with 200 μL cold acetone and then dried by using heat block at 95°C for 5 min. Sample buffer was added to the pellet and the mixture boiled in heat block for 10 min. Samples were loaded into polyacrylamide gel for SDS-PAGE electrophoresis.
Statistical analysis
Data are represented as mean ± standard error mean (SEM). Statistical analyses were performed using the analysis of variance (ANOVA), and Bonferroni-Dunn test allows for multiple comparisons in some cases. A p value of < 0.05 was accepted as statistical significance.
Results
Effects of high glucose on migration and effects of hUCB-MSCs on mouse skin wound healing
To confirm the effect of high glucose on hUCB-MSC migration, cells were incubated under high glucose conditions for various concentrations of D-glucose or L-glucose from 5 to 50 mM and for times ranging from 0 to 24 h. D-glucose increased the number of migrating cells after cell incubation for 24 h, while L-glucose did not have an effect on the cells (Fig. 1A) , suggesting that the osmotic effect did not influence high glucose on hUCB-MSC migration. We also quantified the percent migration by using the Oris™ cell migration assay and observed a maximum increase of up to 151% after incubating cells with 25 mM D-glucose for 24 h (Fig. 1B) . High glucose also facilitated hUCB-MSCs migration to the detection zone ( Fig 1C) .
As shown (for all online suppl. material, see www.karger.com/doi/10.1159/000489360) in suppl. Fig. S1 , high glucose induced F-actin cytoskeleton reorganization, and formed cellmotility structures at the leading edges of the cells. The cytoskeleton changes occurred at various time periods by high glucose in hUCB-MSCs. In order to distinguish cell migration from proliferation, cells were pretreated with Mitomycin C to inhibit cell proliferation. As a result, we observed no significant differences between the groups treated with or without Mitomycin C under high glucose conditions. This means that high glucose-induced hUCB-MSC proliferation did not affect hUCB-MSC migration (Fig. 1D) . Additionally, we also examined the expressions of mRNA and protein in hUCB-MSCs to determine whether high glucose induced differentiation (Osteopontin, Runx2, Sox9, FABP4, and PECAM1), senescence (p16 and p21), and autophagy (ULK1, ULK2, Atg14, Atg5, Atg12, Atg16L, and LC3). The mRNA expression levels of differentiation marker genes were not significantly changed for 24 h in hUCB-MSCs. In addition, p16 and p21 expression levels did not change under high glucose conditions. Furthermore, the mRNA expression levels of autophagy marker and LC3 protein expression levels were not significantly changed. Therefore, hUCB-MSCs used in our study have remained undifferentiated, and senescence or autophagy did not occur by high glucose 
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Cellular Physiology and Biochemistry (see online suppl. material, Suppl. Fig. S2 ). In addition, other sources of MSCs, AD-MSCs, significantly stimulated the migration after incubating cells with 25 mM glucose for 24 h (see online suppl. material, Suppl. Fig. S3 ). In order to investigate the wound healing effect of high glucose-pretreated hUCB-MSCs, we used a mouse skin excisional wound splinting model and performed wound size measurements, histological examinations, and blood vessel density measurements. The wound area of the high glucose-pretreated hUCB-MSC group compared to that of the hUCB-MSC alone was significantly reduced at 11 days after wounding as well as the wound area of hUCB-MSC transplanted groups compared to basal conditions (Fig. 1E) . Histological examination of wound tissues on day 11 showed that the wound site was completely filled with granulation tissues by high glucose pretreated hUCBMSCs transplantation compared to the wounds of vehicle, high glucose, or hUCB-MSC group (Fig. 1F) . To track transplanted hUCB-MSCs in vivo on day 11, wound tissues were stained with anti-human nuclear antigen (HNA) antibody. Immunohistochemistry revealed many HNA-positive cells in high glucose-pretreated hUCB-MSC group, whereas in vehicle or high glucose group, no HNA-positive cells were found (Fig. 1G ). Blood vessels that developed many branches were observed in hUCB-MSC transplanted groups compared to the vehicle or high glucose treated group (Fig. 1H) . Collectively, the data suggest that hUCB-MSCs cultured with high glucose significantly increased migratory activity compared to those cultured at a normal physiological glucose level. Moreover, high glucose-pretreated UCB-MSC transplantation significantly accelerated skin wound healing. 
Effect of high glucose on E-cadherin, cleaved Notch, Snail and EZH2 expressions
Because regulation of E-cadherin expression plays an important role in cell migration, we investigated the effect of high glucose-induced E-cadherin repression in hUCB-MSCs. Human UCB-MSCs were incubated at high glucose conditions for up to 48 h to verify E-cadherin expression and to examine whether high glucose affected E-cadherin, which is related with hUCB-MSC migration. E-cadherin expression decreased gradually after 12 h incubation under high glucose conditions (Fig. 2A) . In addition, cleaved-Notch, Snail and EZH2 expressions were increased in a time-dependent manner under high glucose conditions (Fig. 2B) . To confirm the role of high glucose-induced E-cadherin by regulating Snail and EZH2 expressions, NT, Snail, and EZH2 siRNA transfections were carried out. The levels of E-cadherin were reduced by NT siRNA while Snail and EZH2 siRNA restored the E-cadherin level under high glucose conditions (Fig. 2C) . To confirm the signaling relationship between Snail and EZH2, Snail and Fig. 3 . Role of ROS-dependent Notch signaling pathway and ROS-dependent PI3K/Akt/GSK-3β signaling pathway (A) The cells were incubated in high glucose conditions for 0 -60 min. Dichlorofluorescein-sensitive cellular ROS was detected by luminometer. n=3. *p<0.05 versus 0 min. (B) NAC (ROS inhibitor; 10μM) was used for pretreatment prior to incubation in the high glucose conditions. p-JNK, p-Erk or p-p38 was detected following SDS-PAGE. n=3. *p<0.05 versus control of p-JNK. #p<0.05 versus high glucose alone of p-JNK. (C) The cells were pretreated with SP600125 (JNK inhibitor; 1 μM), PD98059 (Erk inhibitor, 10 μM), or SB203580 (p38 MAPK inhibitor, 1 μM) for 30 min before incubation under high glucose conditions, and then, the nuclear fractions were isolated from cells as described in the "Materials and Methods". Lamin A/C was used as a nuclear marker. n=3. *p<0.05 versus control. #p<0.05 versus high glucose alone. (D) L-685,458 (γ-secretase inhibitor; 10 μM) was used for pretreatment prior to incubation under high glucose conditions for 24 h. Cleaved-Notch, Snail and EZH2 were detected following SDS-PAGE. n=3. *p<0.05 versus control. #p<0.05 versus high glucose alone. (E) The cells were pretreated with NAC prior to incubation under high glucose conditions for 180 min. p-Akt EZH2 siRNA transfections were carried out. Interestingly, the protein levels of Snail were not reduced by EZH2 siRNA, and the levels of EZH2 were not reduced by Snail siRNA (Fig. 2D) . Hence, these results indicate that high glucose-induced E-cadherin repression is regulated by Snail and EZH2, and Snail is regulated in parallel with EZH2 by high glucose.
Role of ROS-stimulated JNK/Notch and PI3K/Akt/GSK-3β pathways in high glucoseinduced EZH2 and Snail expressions
High glucose stimulation is well known to increase the ROS production. To examine the effect of high glucose on ROS generation in hUCB-MSCs, high glucose-induced ROS generation was examined using DCF-DA, to gradually increase ROS generation (Fig. 3A) . The activation of mitogen activated protein kinase (MAPK) and Akt pathways play important roles in migration induction under high glucose conditions [40, 41] . Thus, we further investigated whether high glucose-induced ROS can modulate the MAPK regulation. High glucose significantly enhanced the JNK activation at 180 min while phosphorylation levels of Erk and p38 MAPK had no time-related changes (see online suppl. material, Suppl. Fig.  S4A ). Blockage of ROS in hUCB-MSCs under high glucose conditions led to decreased JNK activation compared to high glucose alone. However, ROS inhibition with NAC treatment did not lead to the inhibition of phosphorylation of Erk and p38 MAPK (Fig. 3B) . Furthermore, high glucose-induced hUCB-MSC migration was blocked by NAC or SP600125 (see online suppl. material, Suppl. Fig. S4B ). In order to investigate whether ROS-induced p-JNK in high glucose conditions regulates γ-secretase in hUCB-MSCs, we performed western blotting after isolating the nuclear fraction. In the nucleus, cleaved-Notch was down-regulated after treating hUCB-MSCs with SP600125. However, pretreatment with PD98059 and SB203580 did not impact the cleaved-Notch as well as the degradation of cleaved-Notch after SP600126 treatment in high glucose conditions in the nucleus (Fig. 3C) . Furthermore, high glucose elevated the expression of EZH2, which was suppressed by the L-685, 458 (Fig.  3D) . These results show that ROS-mediated JNK activation regulated γ-secretase-induced Notch cleavage for Notch intracellular domain (NICD) under high glucose conditions.
To assess whether high glucose-induced ROS production can regulate PI3K/Akt and GSK-3β signaling pathways, we measured the total expression and activation of Akt and GSK-3β. Akt thr308 and Akt ser473 phosphorylation were gradually increased by incubation in high glucose conditions (see online suppl. material, Suppl. Fig. S4C ). In addition, NAC blocked high glucose-induced Akt thr308 and Akt ser473 phosphorylation, which suggest that high glucoseinduced activation of Akt at thr308 and ser473 was regulated by ROS (Fig. 3E) . We next investigated whether PI3K/Akt signaling induced phosphorylation of GSK-3β. In high glucose conditions, the inhibitions of PI3K/Akt with LY294002 or the Akt inhibitor blocked GSK-3β phosphorylation (Fig. 3F) , resulting in subsequent Snail stabilization. As shown in the details (see online suppl. material) of Suppl. Fig. S4D , although the total expression levels of GSK-3β were unmodified by high glucose, the level of GSK-3β phosphorylation increased in a timedependent manner. In order to determine whether high glucose increased Snail expression through GSK-3β phosphorylation, the cells were pretreated with LiCl, a well-known GSK-3β inhibitor. LiCl increased the inactive phosphorylated form of GSK-3β at ser9 [42] and Snail expression (Fig. 3G) . These results suggest that high glucose-induced ROS regulates the activation of PI3K/Akt signaling to inhibit GSK-3β. The GSK-3β inhibition induces an increase in Snail stabilization.
Effect of high glucose on the formation of EZH2/Snail/HDAC1 complex in the nucleus
Next, we examined the role of high glucose-induced Snail and EZH2 accumulation in the nucleus. To determine the cellular fraction where cleaved-Notch, Snail, and EZH2 accumulated, we tested the nuclear and cytosolic fraction before performing a western blot analysis. High glucose enriched cleaved-Notch, Snail, and EZH2 in the nuclear fraction. While the cytoplasmic levels of cleaved-Notch did not change, the cytoplasmic levels of Snail and EZH2 increased (Fig. 4A) . Immunofluorescence staining indicated that Snail or EZH2 present in the cytoplasm accumulated around the nucleus and translocated to the nucleus Cellular Physiology and Biochemistry
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we performed CHIP to analyze whether Snail and EZH2 were recruited to the E-cadherin promoter. The CHIP assays revealed that high glucose enhanced the interaction between Snail and the E-cadherin promoter. In addition, the interaction between EZH2 and the E-cadherin promoter was also enhanced by high glucose (Fig. 4D) . To determine the effect of high glucose on PRC2 complex formation, we evaluated the effect of high glucose on co-IP of Representative gross images of wounds at days 0, 3, 6, 9, and 11 are shown (left panel). Wound sizes were measured using Image J (right panel). n=6 each group. *p<0.05 versus NT siRNA + Vehicle + hUCB-MSCs group. (E) Wound tissues were stained by using H&E staining at day 11 after wounding. Scale bar = 200 μm or 100 μm, magnification; × 40 or × 100. (F) Wound tissues were immunostained with HNA (green) and PI (red). Scale bar = 50 μm. (G) Representative gross images of wounds at days 0, 3, 6, 9, and 11 are shown (left panel). Wound sizes were measured using Image J (right panel). n=6 each group. *p<0.05 versus NT siRNA + vehicle + hUCB-MSCs group. (H) Wound tissues were stained by using H&E staining at day 11 after wounding. Scale bar = 200 μm or 100 μm, magnification; × 40 or × 100. (I) Wound tissues were immunostained with HNA (green) and PI (red). Scale bar = 50 μm. Abbreviations: ROD, relative optical density; HG, high glucose; Veh, vehicle; WS, wound site; HNA, human nuclear antigen.
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EZH2 and Suz12, or EZH2 and EED. Suz12 or EED were co-immunoprecipitated with EZH2 by high glucose in the nucleus (Fig. 4E ). In addition, Snail was also able to associate with the PRC2 complex by high glucose (see online suppl. material, Suppl. Fig. S5 ). Subsequently, to examine the relationship between Snail and PRC2 by high glucose, hUCB-MSCs were transfected with Snail siRNA prior to incubation for 24 h in high glucose conditions. In the nucleus, high glucose enhanced the EZH2 and Suz12, or EZH2 and EED complex. However, Snail siRNA disrupted the interaction between EZH2 and Suz12, or EZH2 and EED (Fig. 4F) , suggesting that Snail is required to bind the complexes and has important functions in hUCB-MSC migration. Interestingly, it has been reported that Snail is associated with the PRC2 complex for the repression of E-cadherin by the recruitment of HDAC [43] , so the Snail was checked to see if it controlled the action of HDAC. As shown in Fig. 4G , binding HDAC1 with the major component of PRC2, EZH2, was increased under high glucose conditions, whereas Snail-knockdown hUCB-MSCs maintained the interaction between EZH2 and HDAC1. This suggests that the presence of HDAC1 is necessary to associate the Snail and PRC2 complex. These results demonstrate that Snail interacts with PRC2 by high glucose in the nucleus, and the complex binds with E-box of the E-cadherin promoter, which in turn causes the E-cadherin repression.
Role of high glucose-induced Snail and EZH2 in E-cadherin expression, migration and mouse skin wound healing efficacy
To examine the role of high glucose and its related signal molecules on hUCB-MSC migration, we pretreated the cells with NAC, SP600125, L-685, 458, and LY294002 prior to high glucose treatment in normal hUCB-MSC culture conditions. Pretreatment with NAC, SP600125, L-685, 458, or LY294002 restored the E-cadherin expression level that has been reduced by high glucose (Fig. 5A ). The Oris™ cell migration assay was used to quantify the amount of migration. Consequently, high glucose-induced cell migration was inhibited by each signal pathway-related molecule inhibitor or siRNAs (Fig. 5B) . The effects of high glucose were confirmed with the IBIDI™ culture insert dish assays (Fig. 5C) . Furthermore, to evaluate the function of E-cadherin, transfection of E-cadherin siRNA was performed. Silencing E-cadherin enhanced hUCB-MSC migration, so E-cadherin affects the migration ability in hUCB-MSCs (see online suppl. material, Suppl. Fig. S6 ). To examine the relationship between Snail/EZH2 expression and skin wound healing effect of high glucose-pretreated hUCB-MSCs, we performed hUCB-MSC transplantation transfected with Snail or EZH2 siRNA into the wound sites in mice. The wounds of high glucose-pretreated EZH2 siRNA + hUCB-MSC group remained unrepaired as well as the structures of the epidermis and dermis, compared to the wounds of high glucose-pretreated NT siRNA + hUCB-MSC group ( Fig. 5D and E) . HNA-positive cells in the high glucose-pretreated EZH2 siRNA + hUCB-MSC group were not found much when compared to the high glucose-pretreated NT siRNA + hUCB-MSCs group (Fig. 5F ). In addition, the wound area of Snail siRNA-treated hUCB-MSC group compared to the wounds of high glucose-pretreated NT siRNA + hUCB-MSC group did not heal 11 days after wounding (Fig. 5G) . The histological examination of wound tissues observed that the wound site was completely filled with granulation tissues in high glucose-pretreated NT siRNA + hUCB-MSCs group as opposed to the wounds of NT siRNA treated hUCB-MSC, Snail siRNA-treated hUCB-MSC, or the high glucose-pretreated Snail siRNA + UCB-MSC group (Fig.  5E ). Immunohistochemistry revealed that there were many HNA-positive cells in the high glucose-pretreated NT siRNA + hUCB-MSC group, whereas the wound tissues in NT siRNA treated hUCB-MSC, Snail siRNA-treated hUCB-MSC, or high glucose-pretreated Snail siRNA + UCB-MSC group contained much less HNA-positive cells (Fig. 5F ). Thus, these results indicate that high glucose-pre-activated hUCB-MSC transplantation accelerates skin wound closure.
Discussion
In this study, we showed the effect of high glucose on enhancing the migration of hUCB-MSC and the involvement of Notch signaling pathway, which contributes to E-cadherin Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry repression through the interplay between Snail and EZH2. According to previous reports investigating cell migration under high glucose condition, the effect of glucose on cell migration still remains controversial depending on the cell types [14, 44, 45] . Our data in this study revealed that high glucose stimulates hUCB-MSC migration with suppression of E-cadherin expression. Moreover, we presented in vivo proof showing that high glucosepretreated hUCB-MSCs promoted the migration of transplanted cells into the wound site and accelerated the skin wound closure in a mouse excisional wound splinting model. Previous reports demonstrated that the augmentation of MSC migration to the wound site increases the efficacy of wound healing through beneficial effects [36, [46] [47] [48] [49] . Thus, migration is considered to be an important factor of MSC-induced wound healing. E-cadherin degradation by netrin pretreatment enhances migratory ability of hUCB-MSCs [50] . The reduction of E-cadherin expression during cell migration can be controlled by epigenetic transcriptional regulation and post-transcriptional modification of transcription for the CDH1 gene [51] . Our results investigating the effect of high glucose on E-cadherin and its epigenetic regulators showed that high glucose decreased the expression of E-cadherin via increasing the expressions of EZH2 and Snail. Epigenetic factors have key roles in modulating E-cadherin expression, and the epigenetic silencing of E-cadherin is mediated by histone-modifying enzymes including Snail1 and EZH2 [43, 52] . Based upon these findings, we suggest that epigenetic regulation of E-cadherin is a critical factor for high glucose-stimulated migration in hUCB-MSCs. Extracellular glucose influences ROS formation as mediators of intracellular signaling cascades [53, 54] . ROS acts as an intracellular messenger inducing a variety of intracellular events such as protein phosphorylation and gene expression [55] [56] [57] . Indeed, our results showed high glucose stimulated intracellular ROS production, and JNK phosphorylation was induced by high glucose-induced ROS. Similarly, it was reported that the motility of MSCs was promoted by ROS-induced MAPK phosphorylation under shear stress conditions while high glucose-induced ROS distinctively phosphorylated JNK in renal mesangial cells [58] . This observation may indicate that JNK activation is more responsive to high glucose treatment than Erk and p38 MAPK via high glucose-induced ROS dependent manner in hUCB-MSCs. Furthermore, we also showed that JNK phosphorylation stimulates γ-secretase-dependent Notch cleavage, leading to translocation of NICD into the nucleus. Previous reports demonstrated that JNK contributes to γ-secretase activation, but Erk1/2 acts as a negative regulator of γ-secretase activity [59, 60] . These findings support our results that high glucose-induced p-JNK could trigger Notch signaling via γ-secretase activation. In addition, it was reported that high EZH2 expression is associated with increased Notch1 activation [61] . Furthermore, our data showed that pretreatment of γ-secretase inhibitor suppressed the high glucose-induced cleaved Notch and EZH2 expressions. Therefore, previous and present findings indicate Notch signaling activated by JNK could be involved in high glucoseinduced EZH2 expression.
Considering the regulatory mechanism of Snail by high glucose, previous reports demonstrated that the stabilization of Snail was regulated by the Akt/GSK-3β pathway [62, 63] . Our previous study revealed high glucose-induced ROS/PI3K/Akt pathway involving in functional regulation of stem cells [64] . Although previous research reported high glucoseactivated GSK-3β plays an inhibitory role in proliferation and migration of bone marrowderived MSCs [65] , present data revealed that high glucose-induced ROS phosphorylates Akt, which subsequently induced Snail expression via GSK-3β inhibition in hUCB-MSCs. Consistent with our results, GSK-3β activation can maintain epithelial morphology by proteosomal degradation of Snail, thereby maintaining high E-cadherin expression [66, 67] . Thus, we suggest that the Akt/GSK-3β pathway activated by high glucose is a major pathway upregulating Snail expression in hUCB-MSCs.
Previous reports have shown that epigenetic regulation is an important factor in the regulation of stem cell fate [68, 69] . EZH2 has been considered an essential factor for epigenetic regulation of E-cadherin [43] . Binding of PRC2 members, such as EZH2, Suz12, and EED, to the promoter of target gene induces epigenetic regulation that is regulated by Snail, which cooperates with PRC2 [43, 52, 70, 71] . Snail is also required for EZH2-mediated E-cadherin repression and the complex of EZH2/HDAC/Snail contributed to E-cadherin silencing in carcinomas [72, 73] . In this study, high glucose stimulated Suz12/EED/EZH2 complex formation for E-cadherin inhibition, which was regulated by the high glucosestabilized Snail. In addition, several studies reported that Snail interacts with the HDAC to repress E-cadherin [73, 74] . HDACs are enzymes that play crucial roles in the deacetylation of chromatin proteins and in the regulation of non-histone proteins for cellular homeostasis [75] . As intermediaries between Snail and PRC2, HDAC promotes PRC2 which links with Snail at the promoter region of E-cadherin [76] . Additionally, an overexpression of Snail stimulates recruitment of the HDAC1/HDAC2 complex, which leads to deacetylation of histone H3 and H4 at the CDH1 promoter [73] . Indeed, our data showed that Snail induced by high glucose increases the interaction of HDAC1 with EZH2. This finding presents the possibility that high glucose-induced Snail regulates PRC2 activity to repress E-cadherin expression via HDAC1. Our data confirmed the regulatory effect of EZH2 and Snail regulated by JNK/Notch and Akt/GSK-3β pathways on high glucose-induced E-cadherin repression and migration of hUCB-MSCs. Furthermore, our skin wound healing results showed that silencing EZH2 or Snail suppressed the wound healing effect of hUCB-MSCs and decreased the migration of transplanted cells into the wound sites. These data indicate that both EZH2 and Snail are critical factors in determining the therapeutic efficacy of high glucose-pretreated hUCB-MSCs. However, further investigations into the role of high glucose-induced epigenetic regulation of E-cadherin in other physiological functions of hUCB-MSC are needed to understand the therapeutic potential of high glucose for stem cell therapy.
Conclusion
In summary, we have shown that high glucose-induced E-cadherin repression increases migration through the expressions of EZH2 and Snail. High glucose specifically induces the recruitment of PRC2 to the E-cadherin promoter, where high glucose triggers ROS production to promote either the activation of JNK-mediated cleaved Notch or PI3K/Akt signaling pathways (Fig. 6) . Moreover, high glucose pretreatment improved the migratory ability of the transplanted hUCB-MSCs to the wound site, which facilitates tissue regeneration. Therefore, we strongly suggest that pre-activation by high glucose promotes the therapeutic capability of hUCB-MSCs for clinical skin wound treatment models. 
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